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Abstract Rating sediment transport contributes greatly to an improved knowledge of the relationships between hydrological and sediment transport processes. In alpine watersheds the importance of these processes is not matched by a corresponding amount of available field data on sediment transport and particularly on bed load. Detailed measurements made in experimental watersheds can help collect data on sediment transport in small mountain streams. In this connection, a small watershed (5 km 2 ) in the Italian Alps strongly affected by erosion has been equipped with an experimental station for recording water and sediment discharge data. The experimental station operates chiefly on the separation of bedload from suspended load. The two fractions are measured by different devices.
The experimental equipment has been devised with different objectives: to record sediment transport data under various different hydrological conditions including flood events; to provide reliable input data for deterministic erosion models; and to test different methodologies for water sampling, water level measurement and suspended sediment concentration measurement. The station is also equipped with sensors for gathering water quality parameters, and with a device for the automatic sampling of discharge water. A detailed description of the experimental equipment and of the data recorded by the station is given. 
INTRODUCTION
Sediment transport in alpine torrents is imperfectly known, chiefly because of difficulties in data acquisition. Sediment transport processes depend upon transport capacity of streamflow and upon sediment availability from channel bed, channel banks and watershed slopes. In order to measure torrent sediment transport, individual consideration is given to dissolved load, floating load, suspended load and bed load. In the cases of minor debris and mud flow occurrence, suspended transport and bedload transport are usually the most important components of watershed sediment yield.
The distinction between suspended sediment and bed load sediment is, apparently, arbitrary. In fact, it is hardly possible to distinguish the two processes; they can, in fact, be viewed as two limiting aspects of the very same process. However, this distinction has a remarkable operational importance, since the measurement of different types of sediment transport requires different sensors, installations and rating techniques.
Available techniques for the measurement of bedload transport have serious drawbacks and limitations. In particular, it does not seem possible to measure bedload transport continuously using sediment traps. Therefore, it was decided to design a recording station for the continuous measurement of sediment transport based also on experiences developed in other alpine watersheds (Keller, 1985) . In this connection, the Chair of Forest Hydrology at the University of Padova started a research project with the aim of designing such a station and selecting a small mountain stream for its installation.
Later, the research was continued in cooperation with the Swiss Federal Institute of Forestry Research in Birmensdorf near Zurich, Switzerland, and the Experimental Centre for Avalanche Control and Hydrogeological Defence of Veneto Region at Arabba. The experimental station was built on a small stream in the Italian Alps near the above mentioned Centre, so that management and maintenance of the station could be done at minimum cost.
The station has been in operation since the summer of 1986. It should be pointed out that the station was designed to record continuously not only water and sediment discharge, but also water quality characteristics (pH, electrical conductance, water temperature).
With respect to erosion processes and sediment transport, it was decided to study in particular the following problems: (a) seasonal changes in sediment yield according to variations of water discharge; (b) relationships between water discharge and sediment yield during flood events; (c) relationships between the variations in channel characteristics (cross section, bed material particle size, etc.) and bed load transport; (d) comparison, calibration and validation of different sediment rating techniques; and (e) sediment data acquisition to develop and test mathematical models for the simulation of sediment transport. With reference to the last two items referred to above, it should be noted that the inadequacy of reliable sediment data has proved to be a major difficulty in the development, application and testing of erosion models in alpine watersheds (Fattorelli & Fleming, 1986 ).
THE EXPERIMENTAL WATERSHED
The experimental station was installed on the Rio Cordon, a small stream in the eastern Italian Alps (Fig. 1 ). This particular watershed was chosen on the basis of the following criteria: (a) relatively frequent bed load transport; (b) absence of urbanization and of torrent control works; and (c) comparatively small size.
The second criterion given above has proved the most difficult to meet. In the Italian Alps, channels affected by erosion and sediment transport are usually the object of control works.
The recording station is located at an elevation of 1763 m a.s.l. The area of the experimental watershed is 5.00 km 2 . The most important morphometric characteristics of the watershed are summarized in Table 1 .
As to lithological formations (CNR, Institute of Applied Geology, 1985), Quaternary deposits (moraines and debris accumulations) cover about 60% of the watershed area. Limestone and dolomite rocks occur in the upper part of the watershed. Other types of rocks include hyaloclastites, volcanic conglomerates, and quartzose sandstones. The vegetation cover consists chiefly of pasture and mountain grassland (about 40% of the total watershed area); a conifer forest is present in the lower part of the watershed. Shrubs and suffrutex stands are established where no grazing activity is possible (University of Padova, Institute of Silviculture, 1984) . No vegetation cover is found on about 13% of the watershed area.
Sediment transport in the main channel of the Cordon Creek is often observed during snowmelt periods and on the occasion of flood events in summer and autumn.
The process of sediment transport sometimes takes the form of a debris flood.
The experimental station described here has been designed to measure continuously both flood discharges with sediment transport and streamflow in "normal conditions, when no transport of coarse sediment occurs.
CHARACTERISTICS OF THE EXPERIMENTAL STATION
At the experimental station site, the slope of the channel bed is 13% and its width ranges from 11 to 15 m. The particle size of bed material is heterogeneous, ranging from silt and fine sand to large pebbles and boulders up to 1600 mm in diameter.
The measuring device (Fig. 2) consists of: an inlet channel, a grille allowing coarse sediment to be separated from fine sediment, a diversion pool for water and fine material flowing through the grille, an outlet channel to convey water and fine material, an enlargement for coarse material deposition, and two small buildings where the sensors, the recording instruments and the system for data acquisition are housed.
A flood resulting from a precipitation with a return period of 25 years was used in the design of the experimental station. The inlet channel was somewhat overdesigned to avoid any damage to the structure even in the case of a larger flood with high amounts of coarse sediment. However, in the case of a very rare flood, a complete and accurate recording of the various hydrological parameters of the flood could prove impossible. In all cases, however, it will be possible to evaluate the total volume of coarse sediment deposited in the storage area during the event. Due to the considerable financial effort required for the design and construction of the station and to make it operational, the life expectancy of the system has not been fixed a priori. However, a full appreciation of the data will need 20 years and more of operation.
In this connection, it is important to underline that frequent and accurate maintenance of the station will help to ensure its future working. The slope of the inlet channel bed is 3%; its cross section (Fig. 3) has been designed for rating low flows and major floods as well. A grille designed to separate coarse sediment from water and fine sediment has been installed at the downstream end of the inlet channel. The grille is supported by four H beams; its longitudinal slope is 60%, while the cross-slope is 26.66%. In this early experimental stage, the distance between the bars of the grille has been set to 20 mm. Thus, coarse sediment with minimum size exceeding 20 mm slides over the grille and builds a small debris fan on the open storage area (Fig. 4) . The possibility of modifying the distance between the grille bars has also been considered. Water and fine sediment falls through the grille into the diversion pool, then approaches the outlet channel, which has a trapezoidal cross section and 3% bottom slope (Fig. 5) . A bottom trap has been installed in this outlet channel to record the sediment moving through. Space is provided for the installation of a vortex tube, if the progress of the research shows a need for it.
The operation of the whole structure has been investigated using a hydraulic model at a scale of 1:12 (University of Florence, Department of Civil Engineering, 1986) . The results of the trials carried out with this model provided useful information for the design of the experimental station.
RECORDING EQUIPMENT
The experimental station has been equipped with different sensors for the recording of bed load sediment, suspended sediment, water discharge and water quality characteristics. The device for coarse sediment recording consists of an overhead travelling crane which moves over the storage area where the deposition of coarse sediment occurs. Ten ultrasonic sensors have been installed on the crane. The movement of this bridge-like structure is managed by a microprocessor. This is connected to a water level gauge installed in the inlet channel: the travelling crane only moves when the flow reaches a critical level. Regardless of the water level, the overhead travelling crane performs a complete measurement every day, moving up to the end of the storage area. This helps to identify any possible failure of the structure and of the recording system and to ensure in this way their proper operation. An algorithm has been devised to ensure a reliable operation of the crane during flood events. The ultrasonic sensors measure the distance between the crane and the coarse sediment accumulation; in this way, it is possible to evaluate the deposition of coarse sediment as the event progresses in time. Suspended sediment is recorded by a turbidimeter, based on light absorption, installed in the outlet channel. The respective calibrations are still being made. Useful information on suspended sediment is also provided by water samples that are collected automatically in the inlet channel. These samples, however, are primarily used for the analysis of dissolved solid concentrations. Temperature, pH and electrical conductance of the water are recorded both in the inlet and in the outlet channel. Water level is recorded in the inlet and in the outlet channel by different types of river stage gauges. A recording raingauge is situated near the experimental station. Other meteorological data are provided by some telemetry stations in close proximity to the Cordon watershed. A meteorological station is currently being installed at the centre of the watershed. A data-logger records on a magnetic cassette tape data collected by the overhead travelling crane; data from the other sensors are recorded on solid state memory. The electrical power required by the experimental station is provided by a small hydraulic turbine; water is diverted to this turbine from the inlet channel. When the discharge falls below 40 1 s" 1 , power production is secured by a diesel engine, which is designed to work for up to 30 days. For any emergency, a standby battery system has also been installed.
During July 1987 a significant flood event occurred in the experimental watershed, accumulating a relevant amount of coarse sediment in the storage area. The station worked satisfactorily, even though suspended sediment and some of the water quality parameters were not fully recorded. Also the grille for sediment separation was slightly damaged. The watershed was affected by another flood during October 1987. Figure 6 shows the flood hydrograph and hourly values of sediment deposition in the storage area for this event.
The final accumulation of coarse sediment was about 50 m 3 . The experience from the analysis of these events is now used to improve the future operation
